The kinetics of reactions between 1-halogeno-2,4-dinitrobenzene (halogen = F, Cl) and aniline were studied in toluene, acetone, dimethylsulfoxide and in toluene-acetone mixtures. Unexpectedly, when chlorine is the nucleofugue, the second rate coefficients, k A , in toluene shows a parabolic dependence on the amine concentration which indicates a third order in amine kinetic law, while in the dipolar aprotic solvent the dependence is linear. Small additions of acetone to the solvent produce an important increase in rate, much greater then the increase in the permittivity, which is surprising on the basis of the classical effect of a dipolar medium on a dipolar transition state. The reactions with fluorine as the nucleofugue show similar behaviours. All these results are well explained in the frame of the "dimer nucleophile" mechanism.
Introduction
Aromatic nucleophilic substitutions (S N Ar) by amines have been recognized to be extremely affected by the solvent. 1, 2, 3 Their study is currently receiving increased interest since they constitute a suitable model to contribute to the understanding of the microscopic properties of solvent in reactions due the complex interactions between the amine, the substrate and/or the intermediate that occur involving the solvent molecules. 4, 5, 6 The mechanisms of reactions in protic solvents are well established1 but are the S N Ar in aprotic solvents those that exhibit most peculiar features to study specific and non-specific solvent effects. 2 Evidences for nucleophile aggregation, 7 substrate-nucleophile EDA complexes 8 and other type of complexes 9,10 have been reported by different authors when reactions were carried out in aprotic solvents. On the other hand, several attempts to establish empirical scale of microscopic parameters able to provide a quantitative description of solvent characteristic have been currently reported. 11, 12, 13 Most of the previous studies on solvent effects in S N Ar have been performed in pure solvents. 1, 2 . Nevertheless, different studies aimed at the characterization of mixed solvents and the determination of the kinetic data of S N Ar reactions in binary mixtures have been recently reported. 4, 14 Likewise, studies in solvent mixtures, which were held taking into account their hydrogen bond donor (HBD) or hydrogen bond acceptor (HBA) characteristics, were performed and discussed.
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P Scheme 1
We have recently published unusual findings in S N Ar carried out in aprotic solvents. Most of these "abnormal" results are characterized, among other features, by a third-order dependence on [amine] and can be consistently explained by a mechanism called the "dimer nucleophile mechanism". 7 In that mechanism, the dimer of the amine acts as a nucleophile forming an intermediate complex, a third molecule of amine assists the decomposition step (scheme 1). The intermediate is highly zwitterionic and the extra amine molecule should help to stabilize the developing charge in nonpolar aprotic solvents. The reaction with the monomer nucleophile is also possible, but the reaction with the dimer is faster because of its higher donicity.
. 15, 16 We have previously reported SNAr carried out in binary solvents such toluene-octanol, 17a toluene-methanol, 17b benzene-n-hexane and toluene-tetrahydrofuran, 4a the observed specific solvent effects could be satisfactorily interpreted by the "dimer nucleophile mechanism". 7 The reactions of 2,4-dinitrochlorobenzene (DNClB) with amines are currently been considered as occurring by the widely accepted two-step mechanism with the first step being rate determining, but the results obtained in the present study cannot be interpreted by that mechanism. The present work describes the study of the reactions of 2,4-dinitrochlorobenzene (DNClB) and 2,4-dinitrofluorbenzene (DNFB) with aniline in toluene, acetone (AC), dimethylsulphoxide (DMSO) and in binary toluene-AC, mixtures. The observed results afford evidence concerning the critical role that aggregation of the nucleophile and formation of "mixed aggregates" plays in the kinetic behaviour of these reactions.
Results and Discussion
In a thorough examination of the solvents effects in aprotic and dipolar aprotic solvents, the reactions of DNClB and of DNFB with aniline in toluene, 4a acetone, DMSO and acetone-toluene binary solvents the rate dependence with amine concentration was studied. The reactions proceed straightforwardly to give the expected N-substituted-2,4-dinitroaniline, a quantitative yield of the substitution product was obtained in all the reactions under study and pseudo-first-first order kinetics were observed throughout the work
Reaction of DNClB and DNFB with aniline in pure aprotic and dipolar aprotic solvents The kinetics of the reactions of aniline with 2,4-dinitrochlorobenzene, DNClB, and 2,4-dinitrofluorobenzene, DNFB, in toluene and acetone at 40°C and DMSO at 30°C in the presence of variable amounts of the nucleophile were studied. Tables 1 and 2 
Products
On the other hand, the same reaction in acetone (β value = 0.48, E T (30) = 42.2) 11, 18 and DMSO (β value = 0.76, E T (30) = 45.0), 11, 18 exhibits a linear response of k A vs [B] , which is characteristic of most base-catalysed reactions by the mechanism shown in eq. 4. It has been widely observed in S N Ar of amines with poor nucleofuges, such fluorine, when the second step is rate determining; the overall second-order rate coefficients obey eq. 5 which comes from the conventional addition-elimination mechanism depicted in eq. 4 for neutral nucleophiles and nitro-activated aromatic substrates.
The intercept represents the uncatalysed reaction and the slope measures the base catalysis. When chlorine is the nucleofuge, usually formation of the zwitterionic intermediate, k 1 , is the rate determining step and no base catalysis is observed, but instead a spontaneous decomposition of the intermediate to products is seen, and k A is independent of [B]. 
In contrast with what would be expected from the widely studied S N Ar with DNClB, the second order rate coefficients, k A , of its reactions with aniline exhibit increase with the aniline concentration in the three solvents examined as shown in is shown, as is typical for the dimer nucleophile mechanism. 7 With dipolar aprotic solvents of the HBA type as Ac and DMSO, the linear dependence suggest that microscopic aggregation with the solvent competes with the autoaggregation of the nucleophile as shown below. Consistently with this interpretation, although both dipolar aprotic solvent has similar dipolarity/polarity values, the reaction is much faster in DMSO (as shown in Table 1 ), the solvent that exhibits the greater HBA capacity. 11, 12 In accordance with our proposal of mixed aggregates between aniline and Ac and DMSO, and their effect on reaction rates, DMSO has been shown to increase the nitrogen electron density of primary and secondary amines. In all the reactions studied in the present work, DNFB reacts faster than DNClB. These results are consistent with those found in bibliography, 6b,9b with some exception. Sugiyama and
Hayami reported a variable and inverse "Element Effect" in the reactions of picryl halides with 2,4-dimethoxyaniline at low concentration of the nucleophile. Similarly to what was observed with DNClB the reactions are faster in DMSO and Ac, in both solvents the k A dependence with [B] is linear, while it is quadratic in toluene. The same interpretation of different types of nucleophile aggregation applies in this case. To confirm the above explanation given for the reactions in pure solvents, the reactions were carried out in acetone-toluene binary solvents.
Reaction of DNClB and DNFB with aniline in aprotic-dipolar aprotic solvent mixtures. Mixed aggregates formation
The quadratic dependence of k A on [B] observed in aprotic solvents is interpreted within the "dimer nucleophile mechanism" which was previously proposed for other systems considering the strong hydrogen-bond interactions that are expected as needed to stabilize the highly ionic intermediates in the poorly solvating media. 7 Thus, changes in the reaction media will have a strong influence on the rates and on the kinetics, on the basis of a special effect of a medium hydrogen-bond acceptor co-solvent that competes with the amine itself for aggregation. So, if the "dimer mechanism" applies also in the present case, addition of a hydrogen-bond acceptor (HBA) co-solvent such as acetone to toluene, a non-hydrogen bonding aromatic solvent (NHB), in catalytic amounts should increase the reaction rate by forming a mixed aggregate RNH 2 ...OC(CH3) 2 , B:Ac, eqn 6, where the amine acts now as a hydrogen-bond donor (HBD) and therefore increases its nucleophilicity, as shown below. Tables 3 and 4 give the observed second-order rate coefficients, k A, for the reactions of DNClB and DNFB with aniline in acetone-toluene binary solvents, from small additions of HBA solvent up to pure solvent. Figure 3 Taking into account the increasing effects of small additions of Ac a specific effect must be involved. The specific solvent effects observed for small additions of the HBA co-solvent are consistent with the formation of mixed aggregates nucleophile : co-solvent. Very interestingly, the kinetic behaviour observed for additions of small amounts of a HBA co-solvent was very similar in the reactions of DNClB, a substrate where the first step is considered to be ratedetermining, and in the reactions of DNFB, for which decomposition of the zwitterionic intermediate uses to be the slow step. All these results are consistent with a common interpretation of mixed aggregates in both cases, that competes with the self-aggregation of the nucleophile observed in toluene. The recently reported retarding effects of HBD observed in the reactions of 1-fluoro-2,6-dinitrobenzene with homopiperidine in binary solvent mixtures, 5a are also well accommodated within the overall dimer nucleophile mechanism proposed. Although the catalytic effect of the aggregation of the nucleophile with Ac could also operate in the second step, the above interpretation is preferred since it also explains the early reported "anomalous" catalytic effect of small additions of DMSO observed when the first step is rate determining. 21 . Similar rate accelerations due to the addition of small amounts of a HBA cosolvent were found in the reactions of 1,2-dinitrobenzene with butylamine in benzene. While the reaction is almost insensitive to other additives, the accelerations observed upon addition of DMSO to benzene exceed expectations based only on considerations of the polarity of the medium, 8, 17 as the present finding for the reactions studied in toluene:Ac binary solvents.
Conclusions
Suitable systems to study amine aggregation were examined in nonpolar aprotic and in dipolar aprotic solvents. The reactions of DNClB with aniline in toluene, that should be expected to be independent of the amine concentration, was found to exhibit a rate dependence that is thirdorder in amine consistent with aggregates of the amine acting as the nucleophile. According with this interpretation, the reactions carried out in HBA dipolar aprotic solvents, such as acetone and DMSO, which could form mixed aggregates, show a linear dependence with [B] . The mixed aggregates compete with the amine itself for aggregation and are more basic than the pure dimer. To confirm the above interpretation the reactions were then studied in binary mixtures acetone:toluene, starting from small amounts of the HBA co-solvent. The great increase in rate observed by small additions of acetone confirmed the formation of mixed aggregates of the nucleophile with the hydrogen-bond acceptor co-solvent, that competes with the amine itself for aggregation and are more basic than the pure dimer. The reactions of DNFB, in which the second-step should be rate-determining, show similar results. All these results confirm that association of amines in aprotic solvents plays an important role in defining the mechanisms of aromatic nucleophilic substitution.
Experimental Section
Reagents and solvents Aniline (Fluka) was kept overnight over potassium hydroxide, distilled over zinc powder and then over sodium; both distillations were carried out under nitrogen at reduced pressure. It was kept in a desiccator protected from light. 2,4-dinitrochlorobenzene (Sigma) was crystallized twice from absolute ethanol (mp 52-53°C, lit. 52-53°C) 4a . 2,4-dinitrofluorbenzene was distilled at reduced pressure under nitrogen, (b.p. 122-123°C at 5 mmHg, lit. 119°C at 2 mmHg), 22 , was prepared from 2,4-dinitrochlorobenzene and aniline following the procedure reported for N-(2,4-dinitrophenyl)-2-methoxyaniline. Acetone was heated under reflux with successive quantities of potassium permanganate until the violet colour persisted. It was then dried with anhydrous potassium carbonate, filtered from the desiccant and distilled. 23 Dimethylsulphoxide was dried by standing overnight over calcium hydride. The filtered solvent was then fractionally distilled over calcium hydride under reduced pressure and stored over a Type 4A molecular sieve. 23 Toluene was kept over sodium wire for several days, distilled twice over sodium. 17b Solvents were stored in special vessels protected from light which allow delivery without air contamination.
